Introduction
Cyclodextrins, especially β-CDs, are the most popular chiral selectors in enantiomeric separation. They are widely used in gas chromatography (GC), high performance liquid chromatography (HPLC), capillary electrophoresis (CE), and capillary electrochromatography (CEC), [1] [2] [3] [4] [5] [6] as chiral additives or chiral stationary phases (CSPs). Among these methods, CEC has the advantages of high efficiency, high selectivity and low sample consumption. It has attracted much attention in recent years. There are three kinds of CEC columns when CDs act as stationary phases: (1) open tubular (OT) columns, in which CDs are covalently attached, coated or physically adsorbed to the internal surface of the capillary. 7, 8 While being the simplest approach in CEC, OT columns are not popular due to low sample loadability; (2) packed columns, in which the CD stationary phases are packed into the capillary and retained in the capillary through inlet and outlet frits. 9, 10 The packing materials can be inherited directly from HPLC. However, the techniques related to both column packing and end frits fabrication remain challenges for the analysts; (3) monolithic columns, in which CDs are included in a porous continuous bed. [11] [12] [13] [14] [15] Monolithic columns appear to be the most promising ones in the three kinds of columns because they have more advantages than OT and packed columns, such as easiness in preparation, avoidance of end frits fabrication, and appropriate column capacity etc.
Besides the native cyclodextrin, functionalized cyclodextrins, such as hydroxypropyl-β-CD, 11, 16 naphthylethylcarbamoylated-β-CD, 17 perphenylcarbamoylated β-CD, 9 sulfated CDs 18 etc., were also be used as chiral selectors to expand the range of compounds that are enantioresolvable. Among functionalized CDs, sulfated CDs are recognized as being the best effective selectors, especially when they were used in CE as chiral additives. [19] [20] [21] [22] Theoretically, it is likely to be excellent if the sulfated CDs are used in HPLC or CEC for enantiomeric separation. Surprisingly, very few studies related to sulfated CDs used in HPLC and CEC have been reported. Stalcup, 18 for example, has reported the use of a sulfated β-CD modified stationary phase in HPLC; 33 enantiomers were well separated on this column.
In the present work, a sulfated CD modified monolithic column was prepared by a three-step process. Firstly, a silicabased monolithic column was prepared in a modified sol-gel process; it was then modified with β-CD through radical polymerization; finally, the monolith was sulfated. Under the CEC mode, some chiral compounds investigated were rapid resolved. As far as we know, sulfated CD modified CSPs used in CEC have not been reported elsewhere.
Experimental

Reagents and chemicals
Analytical grade tetramethoxylsilane (TMOS), poly(ethylene glycol) (PEG, Mw 10000), β-CD, sodium borohydride (NaBH4), azobisisobutyronitrile (AIBN), thiourea and chlorosulfonic acid and m,p-resorcinol were purchased from Tianda Kewei Co. Ltd. A sulfated poly β-cyclodextrin (SPCD) modified silica-based monolithic column was prepared for enantiomeric separation. First, 2-hydroxy-3-allyloxy-propyl-β-cyclodextrin (allyl-β-CD) was bonded onto a bifunctional reagent 3-(methacryloxy)-propyltriethoxysilane (γ-MAPS) modified silica-based monolith through radical polymerization; the column was then sulfated with chlorosulfonic acid. The SPCD chiral stationary phase resolved the boring problem associated with desalting when sulfated CDs were synthesized to act as chiral additives. The inorganic salt in the column introduced during the sulfating process could be easily removed by washing the column with water for some time. Chiral compounds investigated were successfully resolved into their enantiomers on the SPCD modified monolith in the capillary electrochromatography (CEC) mode. Due to the existence of the -SO3H group, electrosmotic flow (EOF) was obviously increased, and all of the separations could be carried out in 20 min with only a minor loss in the column efficiency and resolution. Technology, Tianjin University) with high purity (≥99.5%), and the structures had been identified by NMR and MS. Racemic norephedrine, chlortrimeton and dopa were bought from Shanghai Chemical Reagents Co., Ltd. (Shanghai, China), and the purity was 98%. N,N-Dimethyl formamide (DMF), pyridine, acetonitrile (ACN), methanol (MeOH), glacial acetic acid (HOAc), and other reagents were all of analytical grade. Double distilled water purified by a Nanopure II system (Barnstead, USA) was utilized throughout the experiment. Capillaries of 75 μm i.d. and 375 μm o.d. were purchased from Yongnian Optic Fiber Plant (Hebei, China).
Apparatus
A HPE 100 CE system (Bio-Rad, USA) was used for all of the CEC experiments. Data were collected using the Chrom Perfect II (Justice Innovations, USA). Constametric 4100 HPLC pump was used to flush the column, and a manual syringe pump was used to condition the column with the mobile phase.
Preparation of silica-based monolithic column
The capillary was first rinsed with 1 mol L -1 NaOH, 0.1 mol L -1 HCl for 1 h in turn, and then washed with water and methanol for 10 min, respectively. Finally, the capillary was purged with nitrogen at 120 C for 2 h to activate the inner surface of the capillary.
The silica-based monolithic column was prepared according to Refs. 23 and 24 with some modification. The detailed procedure was as follows: 0.44 mL of TMOS, 108 mg of PEG was added in 1 mL 0.01 mol L -1 HOAc. The mixture was stirred in an ice-water bath until a homogenous solution formed. The capillary filled with the above-mentioned sol-gel solution was sealed at both ends with rubber stoppers to react at 40 C in water bath for 24 h. The monolithic column thus formed was washed with water to remove the unreacted reagents. Subsequently, it was rinsed with 0.01 mol L -1 ammonia. The column was placed back into the water bath and kept for another 24 h. Afterwards the column was washed with water and methanol, respectively. The wet silica monolithic column was placed at room temperature untill the methanol was thoroughly volatilized from the column. The final aging treatment was performed in a GC oven by a slow programmed temperature. The temperature was raised from 30 to 300 C at a rate of 1 C min -1 , and kept at 100, 150 and 250 C for 1 h, respectively. At last, the GC oven was cooled to room temperature naturally.
Preparation of sulfated poly β-CD (SPCD) modified monolithic column
The synthetic scheme of sulfated poly β-CD (SPCD) modified monolithic column is shown in Fig. 1 .
Synthesis of 2-hydroxy-3-allyloxy-propyl-β-cyclodextrin (allyl-β-CD).
Allyl-β-CD was synthesized according to Refs. 15 and 25 with some modification: 20.0 g of β-CD was added in 50 mL of 2.5 mol L -1 NaOH solution. The suspension was heated to 50 C until β-CD was dissolved completely. Then, 2.1 mL of AGE was dropped into the solution under nitrogen protection and the temperature was kept for 48 h. Afterwards, adequate NaBH4 was added and the solution was stirred for another 2 h. After that, the reaction mixture was neutralized with HCl to pH 7.0. Finally, the solution was poured into acetone, and the precipitate (allyl-β-CD) was collected; 22.0 g of the product was obtained after drying. The product was used without further purification. Preparation of a poly β-CD (PCD) modified monolith. Firstly, a bifunctional reagent γ-MAPS was linked to the silica-based monolith to introduce a double bond as a spacer. The detailed procedure was as follows: a γ-MAPS solution in methanol (1:1, v/v) was pumped into the dried silica-based monolith and the column was kept at 50 C for about 12 h, and then rinsed with methanol to remove the unreacted reagents.
Secondly, a solution of 80 mg of allyl-β-CD and 10 mg of AIBN in 4 mL dried DMF was pumped into the γ-MAPS modified column and the column was kept at 75 C for 4 h. Thus poly β-CD was linked to the column bed by a radical initiated polymerization reaction through a spacer of γ-MAPS. Finally, the column was washed with DMF to remove the unreacted reagents.
Preparation of sulfated poly β-CD (SPCD) modified monolith.
The PCD modified monolithic column was sulfated with chlorosulfonic acid-pyridine mixture. Simply, the DMF solution of a chlorosulfonic acid-pyridine mixture was pumped through the PCD modified column, and the column was kept at 60 C for 5 h. After being washed with DMF, water and the mobile phase, respectively, the capillary column was connected with the same standard empty capillary through a Teflon sleeve, and a detection window was made by removing the polyimide coating on the empty capillary at a specified distance from the joint. The column was then ready for use.
Separation conditions
A stock solution of phosphate buffer (50 mmol L -1 ) was prepared by dissolving 1.70 g H3PO4 in 200 mL of distilled water, and then being adjusted to the desired pH value with 1 mol L -1 NaOH or Et3N. The mobile phase was prepared by mixing the stock buffer solution, water and acetonitrile in a certain ratio. Before use, all of the phosphate buffer was filtered through a 0.45-μm membrane and degassed by vacuum and stirred. Sample solutions were dissolved in the buffer or methanol at concentrations of 1 mg mL -1 . Electrokinetic injection was used for all samples, the applied voltage was 5 kV and the injection time was from 3 -5 s; 214 nm was selected as the detection wavelength, unless stated otherwise. Before experiments, the column was washed with the mobile phase for about 10 -20 min with a manual syringe pump. The column was then electrically conditioned for about 20 min from low to high voltage until a steady baseline was observed.
Results and Discussion
Preparation of SPCD modified monolithic column
Silica-based monolithic columns have attracted much attention in recent years due to its mechanical stability, controllable pore size and easy modification etc. However, shrinkage of the column bed during preparation, especially during the drying step, is difficult to avoid, which usually results in a failure in the column preparation. In order to avoid this phenomenon, the column can be purged with nitrogen for 1 h at 180 C, or washed with a solvent of high boiling point (e.g. DMF) prior to the drying step. [24] [25] [26] In our experiments, before the drying step, a wet monolithic column was washed with a low boiling point solvent of methanol. After complete volatilization of methanol under room temperature, the column was dried with a temperature programming, as above mentioned. The results indicated that this method could avoid shrinkage effectively and the column could be prepared with a success rate of almost 100%.
Usually, β-CD was sulfated with H2SO4, chlorosulfonic acid, etc. Unavoidably, a cumbersome desalting process was needed to remove the inorganic salt resulting from the sulfonation process due to the similar resolution property of sulfated CD and inorganic salt. Using the synthetic routine mentioned above, the inorganic salt was easily removed through washing the column with water.
Effect of the pH value on electrosmotic flow (EOF) on the SPCD modified monolithic column
In order to be sure that the cyclodextrins had been sulfated, a simple method was to determine the EOF of the sulfated column and then compared with a bare silica-based monolithic column under the same conditions. Figure 2 shows the change of EOF as functions of the pH value of the mobile phase on the two monolithic columns (thiourea was used as EOF marker). For the bare silica-based monolithic column, the EOF rose rapidly with an increase of the pH value. Although it also increased on the SPCD modified column, the increasing trend was relatively slower. Moreover, the EOF values were obviously higher than those of the bare silica-based monolithic column, especially under low pH values.
As shown in Fig. 1 , the SPCD modified column contained residual Si-OH groups and SO3H groups simultaneously after the modification reaction. The ionization degree of the two ionizable groups will both together determine the net surface charge, and thus the EOF value. Since strong acidic SO3H groups can maintain full ionization over a wide pH range, it is undoubted that the EOF of the SPCD modified column is higher than that of the bare silica-based column in the investigated pH range.
On the other hand, the ionization of the weak acidic Si-OH gradually increased with an increase of the pH value, so the EOF of the SPCD modified column increases accordingly. From Fig. 2 we can also draw a conclusion that the cyclodextrins bonded onto the monolithic column have been successfully sulfated, or else a relatively low EOF will be obtained because the quantity of Si-OH will be greatly reduced after the modification step with cyclodextrin.
Effect of the applied voltage on the theoretical plate height
In CEC, mobile phase is driven by EOF. Similar to HPLC, the flow rate will affect the diffusion of solutes, the mass transfer rate, and thus the theoretical plate height. Two isomers, m-resorcinol and p-resorcinol were selected as probe solutes for investigating the effect of the applied voltage on the theoretical plate height. The results are shown in Fig. 3 . When the applied voltage is lower than 8 kV, the theoretical plate height is relatively higher, because the sample diffuse seriously at a low flow rate of the mobile phase. When the applied voltage is higher than 8 kV, the theoretical plate height remains flat, and the efficiency remains at between 100000 -130000 m -1 , which indicates that the effect of mass transfer on the column efficiency is not obvious. This can be attributed to the porous structure of the monolithic column, which results in a rapid mass transfer. Some researchers have reported similar results in evaluating organic polymer-based monoliths. 27, 28 The results show that on the SPCD modified column rapid separation can be fulfilled without any obvious loss in the column efficiency.
Effect of the applied voltage on the resolution (Rs)
The selection of the applied voltage is an important factor in chiral CEC separation. A higher voltage means a shorter interaction time between the isomer and the chiral selector, which will decrease the resolution in most cases. 29, 30 However, a too low applied voltage is also unfavorable for increasing the sample band diffusion, which will decrease the resolution to some extent. Under the same conditions described in Fig. 3 , the effect of the applied voltage on the resolution was investigated using racemic dopa as the probe solute. The results indicated that the resolutions fluctuated between 3.16 -3.39 when the applied voltages increased from 6 to 12 kV, every 2 kV one point, which indicates that the SPCD modified column can carry out rapid enantiomeric separation at a high voltage without any obvious loss in resolution.
Enantiomeric separation on the SPCD modified monolithic column
Several racemic compounds (norephedrine, chlortrimeton, dopa, and three dihydropyridine drugs I, II, III) were tested on the SPCD modified monolithic column. The electrochromatograms of enantiomeric separations are shown in Fig. 4 , and the detailed experimental conditions and data can be found in Table 1 . All of the test compounds could be separated in 20 min; some of them could be separated even in 10 min.
Conclusions
A sulfated poly β-CD modified silica-based monolithic column was prepared for the first time using a modified sol-gel process and a succedent radical polymerization reaction; it was then evaluated in the CEC mode. The results indicate that the introduction of sulfated β-CD into capillary electrochromatography as the stationary phase was successful. Enantiomeric separations could be carried out in short time at high electric strength and without any obvious loss in the column efficiency and resolution. 
